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Abstract

The influence of equilibrium shear flow on peeling-
ballooning modes 1s studied with the BOUT++ code. A set of
reduced MHD equations 1s modified by adding an equilibrium
shear flow. Flow shear has a stabilizing effect on peeling-
ballooning instability, but its strength depends on toroidal mode
number n. Modes with intermediate mode number n change
from most unstable to most stable due to the existence of
sufficient large flow shear, while low n and high n modes
remain unstable. As a result, a feedback mechanism for ELM
crash 1s proposed.
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Research Motivation

Circular, ballooning unstable equilibrium (rotation)
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Simulation Model: Equations and definitions

@ 3-Fields Reduced MHD Equations with equilibrium flow
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Simulation Model: Net flow and diamagnetic effects

Total convection flow Kelvin-Helmholtz term
210, ,
8——|—(VE,DU—|— )-V@+V1-V@U:BUV|J|—|—2|J(]><K'-VP1
Diamagnetic drift
Diamagnetic convection flow  Net flow PU /
o = + V2P
g (Vio+-——ViP)

®Diamagnetic effects:
»Diamagnetic convection flow: EXB flow that balances diamagnetic flow,
is determined by pressure profile, introduces negative electric fi ®4,0 ;
»Diamagnetic drift: inversely depends on density;

®Net flow: perpendicular component of toroidal rotation, modeled by a

simple function via ®vo , flexible;

®Kelvin-Helmholtz term: curl of net flow, can be switched off;

®Total convection flow: flow shear effects come from this total convection flow

rather than the net flow.

£ \‘.\':,.&4 }
ANEFES] s
e*s” PEKING UNIVERSITY 6




Simulation Model: Diamagnetic drift plays the dominant role

rather than the diamagnetic convection flow

o4 T T T
=== Idedl ®The two elements of
= Ideal with diamagnetic effects diamagnetic eﬂ:eCtS have
= Ideal w?th diumagnet?c -::Dlnvecth:lr‘n tlowe b " - = different influence on

0.3 ldeal with diamagnetic drft o - _ _

k" b peeling-ballooning mode.
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0.2

growth rote

Fig. Diamagnetic drift is
dominant, while balanced
convection flow shows the
same influence on mode
growth rate, i.e. destabilizing
—_————— low n modes and stabilizing
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high n modes.
made number n
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Simulation Model: Net flow expression

o Consider the toroidal rotation V = R2Q(y)V{, by taking the
ordering k| /k; <1, terms associated with V| are removed.

@ Perpendicular component is related with radial elctric field and
if assuming ®yq is a flux function, its relation with toroidal
rotation frequency is ®, (y) = Q(vy)

bg X Vl;} dfbvg

Vo, = B, dy

@ Net flow profile is determined by a simple function

d®Pyo(y)
dy
where x = (W — Waxis )/ (Wsep — Waxis ) is the normalized radial

coordinate, Ds is the shear parameter Dy flow magnitude parameter

and xg determines flow location. Net flow direction is also
changeable.
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Simulation Model:
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Fig. Black solid line is diamagnetic electric field, which shows reversed shear
profile and is dominant at the at pedestal in our simulation. Red and blue
dash lines are net flow electric field for Ds=3.0 and 12.0. Red and blue solid
lines are the total electric field . Green line shows SOL boundary.
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Net flow In co-direction to
diamagnetic convection flow

®Diamagnetic electric field
Is dominant at the pedestal
in our simulation, which
means the balanced
convection flow is larger
than the net flow we add.
®Since it is total
convection flow that
influence peeling-
ballooning mode, new
parameters are needed to
describe the flow shear
instead of Ds.



Simulation  Flow shear stabilizes high n modes in ideal MHD
Results:  \without diamagnetic effect
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Fig. Result for ideal case without diamagnetic term.
Red dash line describes the case with diamagnetic
term but without flow. Kelvin-Helmholtz term is
kept. (D,=130)
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Simulation Wwith diamagnetic effects, flow shear becomes
Results:  destabilizing for high n modes
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Fig. Mode growth rate for ideal case with diamagnetic effects. The I
Right side two figures show the mode structure. Since 2 ]
diamagnetic effects are dominant in our simulation, the overall i
’ 1 H 1 H 0.0 ] ! . [
result doesn’t show significant change, i.e. the most unstable . e e e T T T

mode still has intermediate mode number. The mode structure for
high n mode becomes much narrower while intermediate to low
n mode do not show dramatic change in mode structure.
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Simulation with diamagnetic effects and resistivity, flow
Results: shear stabilizes intermediate n modes
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Fig. Non-ideal cases with diamagnetic
effects, resistivity and hyper-resistivity, flow
shear is stabilizing for mode with
intermediate mode number(n=15~20) , while
for low n and high n mode, at least no such - -
strong stabilizing effect . GO '
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Simulation Model Net flow In counter-direction to

diamagnetic convection flow

EDD T T T | T T T I T T T

@At inner region, electric
field is governed by net flow,
however this region is not
import for peeling-
ballooning modes because
these modes are highly
localized at pedestal,
®Even for positive net flow
electric field, pedestal still
has a negative electric field,
and this means at the
pedestal, the direction of
total convection flow is not
changed unless a extremely
large net flow is applied,;
® Because the shear of
—su S diamagnetic electric field is
4 2 4 4 4.5 . .
< () zero at its largest point, the
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Fig. All lines have the same meaning as in left figure, but the direction of net Shea_r of total convection
flow is changed, so the direction of net flow electric field is positive in this  [IOW is governed by net flow.
figure.
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Simulation I. Flow shear effect is symmetric in flow direction for ideal MHD;
ll. Kelvin-Helmholtz term increases growth rate significantly.

Results:
010 T T ] L5 L R B
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Fig. Growth rate difference between two Fig. Relative change in growth rate due to
opposite net flow directions. For ideal Kelvin-Helmholtz term. Kelvin-Helmholtz
case, flow direction doesn’t change mode term is destabilizing for n=10~30. When
ﬁrOWtPI rated_so we can for ideal case, we flow shear increases, the destabilizing effect
ave flow direction symmetry. is mainly on intermediate n modes.
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Simulation Net flow direction doesn’t show much influence

Results: on mode growth rate.

gefl ~ - -~ 1 - - - - T - - T T T T T T 1 T T T T e

0.8—

Q.15 B i
0.5
» i
*é‘ 0.4_— .
S Q.10 L
g 0.2 — —
= = mw ittt flow i

G' DE} - g: : gg __'D-OO — 2(‘]0 — ={nla} I "ICI‘DO‘ I I'IZDCI
' — De = 30 - '

s L

Q.00

5 10 15 70 75 3006
made number n I

0.4

Fig. The change of net flow direction doesn’t have much influence
on high n mode, but for low n mode, we see their growth rate
decreases when shear parameter increases. l
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Simulation The change of net flow direction leads to
Results:  opposite move of mode structure
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Fig. These two figure shows
clearly that in non-ideal
simulations, flow shear has ——— . —
strongest stabilizing effect on 005k ]
modes with intermediate mode I ]
number(n=15~20).
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When Q(w):%:consf  flow velocity is still

sheared becel{'use of the non-uniform B field

Simulation Model:

100

® A constant convection flow should only
change the mode frequency by Doppler shift,
So in our simulation without diamagnetic -
effects, we should see the mode growth rate of
doesn’t change for these flat net flow profile i
except very small difference caused by the
non-uniform magnetic field.
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Simulation Flat net flow shows little influence on growth rate in ideal
Results: MHD, which is consistent with Doppler shift.
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Fig. For ideal case, when D.=0, mode growth rates do not change much as flow
amplitude increases dramatically. The small difference is caused by the non-
uniform nature of magnetic field. This shows good agreement with our expectation
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Simulation Flow shear from non-uniform B field destabilizes
Results: h;j

h n modes
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Fig. For negative net flow electric field. Fig. For positive net flow electric field.

®Diamagnetic effects amplifies the weak non-uniform property of the flat flow;
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Simulation the influence of net flow is strongest when the largest flow
Results:  shear locates at the position of largest pressure gradient.

0.4F 1.0 1

0.8

o
N
T T

0.8

growth rate
o
]

0.4

o

0N 0] M T

0.83 0.84 0.85 0.86 0.87 0.88
location of largest flowshear
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Fig. Since peeling-ballooning mode is highly
localized in radial direction, the location of
largest flow shear can influence the mode
growth rate and structure as in the figure.
The vertical black dot line shows the
position of largest pressure gradient.
Horizontal dot lines shows the growth rates
without flow for n=5, 15 and 30.
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Fig. Mode structure for n=30 and Ds=30,
the move of flow location moves the mode
structure. When the flow moves out from
the largest pressure gradient region, its
influence disappear.




Discussion: Flow governed feedback mechanism for ELM

Linear stage &

Early nonlinear stage Feedback Loop
Weakly stabilizin Strongly stabilizing
Low n & High n modes € > [Flow shear Z > |ntermediate n modes
smooth smooth

¢

ELM crash

One feedback mechanism for ELM crash:

1. Low n and high n modes grow and smooth flow profile at the early nonlinear
stage

2. Intermediate n modes become unstable due to the decrease of flow shear;

3. The growing of intermediate n modes accelerate the smoothing process of flow
profile and leads to itself become more and more unstable;

4. This accelerate process results in some crash event like ELM.
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Discussion: Flow direction symmetry

growth rote

020

Q.05

Q.00

®Flow direction symmetry:
»Without diamagnetic effects: total convection flow is net flow
and flow direction is symmetry;
»Diamagnetic electric field specifies a direction thus the destroys
the flow direction symmetry ;
»Diamagnetic term also makes the two perpendicular direction
become different for peeling-ballooning mode as showed in the
figure below

Fig. Turn off balanced convection flow
and Kelvin-Helmholtz term while keep
diamagnetic term, thus net flow
equals total convection flow. If
diamagnetic term doesn’t change
flow direction symmetry, mode

growth rate should not change when
net flow direction is changed as in
ideal case. But this figure shows
clearly that mode growth rate

Ln

15 . 20 e — . changes as flow direction changes.
rmode number n
ELITN »
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Summary

®|deal case
»Flow shear has strong stabilizing effect on high n mode
and is destabilizing for low n modes for ideal MHD;
»Flow direction is symmetry;
»Kelvin-Helmholtz term is destabilizing and the effects
depends on mode number and shear;

® Diamagnetic effects break flow direction symmetry for

peeling-ballooning mode;

®Non-ideal case
»Diamagnetic term is dominant which makes the influence
of flow shear on peeling-ballooning modes much weaker
compared with ideal case;
»Flow shear can lower growth rate of intermediate n
modes but not stabilizing high n and low n modes;
»High n modes get much narrower mode structure for
large shear and structure peak moves by flow shear.
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Summary

®The influence of flow shear on peeling-ballooning mode has
tight relation with other physics effects like diamagnetic effects
and resistivity, so more accurate physics model for edge
plasmas like Gyrofluid are needed.

®[urther issues:
»Diamagnetic term is reverse proportional to density, so if
net flow is related with density, it can influence will be much
larger;
»Is net flow must be EXB flow?
»Keep parallel flow component;
»Nonlinear simulation
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